Proteomics of chloroplast ribosomes in spinach and Chlamydomonas revealed unique protein composition and structures of plastid ribosomes. These studies have suggested the presence of some ribosomal proteins unique to plastid ribosomes which may be involved in plastid-unique translation regulation. Considering the strong background of genetic analysis and molecular biology in Arabidopsis, the in-depth proteomic characterization of Arabidopsis plastid ribosomes would facilitate further understanding of plastid translation in higher plants. Here, I describe simple and rapid methods for the preparation of plastid ribosomes from Chlamydomonas and Arabidopsis using sucrose gradients. I also describe purity criteria and methods for yield estimation of the purified plastid ribosomes and subunits, methods for the preparation of plastid ribosomal proteins, as well as the identification of some Arabidopsis plastid ribosomal proteins by matrix-assisted laser desorption/ionization mass spectrometry.
Introduction
Chloroplast ribosomes, also more generally termed plastid ribosomes, are structurally related to eubacterial 70S ribosomes that are distinct from cytoplasmic 80S and mitochondrial 55-75S ribosomes (1). Plastid ribosomes are responsible for translation of genes encoded in the plastid genome. In green leaves, chloroplast ribosomes are present at about equimolar amounts relative to cytoplasmic ribosomes (2). With respect to abundance by weight, chloroplast ribosomes account for over 25% of the total leaf ribosomes (1). Although chloroplast ribosomes synthesize only ~80 polypeptides encoded in the plastid genome, about 50% of total protein mass in leaves comprises products of chloroplast ribosomes (3). Unlike in eubacteria, gene expression in plastids is regulated primarily at the translation level: i.e., the translation rate is not correlated with transcript abundance (4), and translation of many plastid mRNAs is activated in response to light illumination (5, 6). A majority of the studies on plastid translation, especially light-activated translation, has been carried out in the unicellular green alga, has not been reported so far. This may be due to one or more of the following reasons: Although these procedures could be also applicable to Arabidopsis, these methods may not be practical for such a tiny plant. For proteomics and molecular biology in Arabidopsis, small-scale (10-100 A 260 units) isolation methods using general ultracentrifugation rotors would be preferable. Here, I describe small-scale methods for plastid ribosome preparation, which have been established with Chlamydomonas (17, 18) and Arabidopsis (unpublished results). Methods for purity checking and yield estimation of purified ribosomal particles, as well as preparation of plastid ribosomal proteins for proteomic analysis, are also described.
Methods

Preparation of Total Ribosomes
Chloroplast ribosomes can be purified from either isolated chloroplasts (34) or from total cell homogenates (18, 29, 30) . It has been suggested that isolation of chloroplast ribosomes from total cell homogenates results in a higher yield compared with that from isolated chloroplasts (30).
1. Harvesting plant leaves. Wear disposable examination gloves, and cut the leaves with sterile scissors. After the harvest, rinse the leaves with chilled sterile water, drain off the water with a strainer, and keep in the cold-room (4°C, in the dark) for at least 1 h. This step is required to induce polysomal run-off, yielding an accumulation of free ribosomes (35, 36). Leaves should be frozen in liquid nitrogen before homogenization (see Note 9). 4. Centrifuge the homogenates at 10,000g max for 10 min at 4°C (e.g., at 8,500 rpm in a Beckman Coulter JA-17 rotor).
Harvesting algal cells. Pour the
5. Centrifuge the supernatant (the S-10 fraction) at 40,000g max for 30 min at 4°C (e.g., at 27,000 rpm in a Beckman Coulter TLA-100.3 fixed-angle rotor), and collect the supernatant (the S-40 fraction).
6. Layer 5 mL of the S-40 fraction over 2 mL of Buffer C (cushion buffer containing 1 M sucrose), and centrifuge at 330,000g max for 12 h at 4°C (e.g., at 60,000 rpm in a Beckman Coulter Ti70.1 fixed-angle rotor).
7. Discard the supernatant and dissolve the ribosomal pellet in a minimal volume of Buffer A.
8. Clarify the sample by centrifugation at 15,000g max in a microfuge for 10 min at 4°C
to remove insoluble materials, and measure absorbance at 260 nm (A 260 ). The concentration of the total ribosomes should be 200-1000 A260 units/mL.
9. Make aliquots of the total ribosome preparation, freeze them in liquid nitrogen, and store at -80°C.
Separation of Plastid Ribosomes and Subunits
Preparation of Sucrose Gradients
Use the following procedure to prepare a sucrose gradient (e.g., a 10-40% [w/v] linear sucrose gradient; 36 mL) that will be used to separate plastid (70S) and cytoplasmic (80S) ribosomes.
1. Assemble a gradient preparation system. Put the gradient maker on a magnetic stirrer. Add a magnetic stirring bar to the mixing chamber. Connect the gradient maker to the inlet of a peristaltic pump and a density gradient fractionator to the outlet of the pump with tubing. Before starting sucrose gradient preparation, clean the gradient maker and tubing with RNase-free water at the maximum flow rate at room temperature for ~30 min (e.g., the maximum rate is 1.74 mL/min using the Econo Gradient Pump with 0.8-mm internal diameter PharMed tubing). nm using the UV-monitor and chart recorder (chart speed set at 5-10 mm/min).
After the fractionation, the tubes should be immediately placed on ice. An example sucrose gradient profile of total ribosomes from Chlamydomonas is shown in Fig. 
1A.
5. Recover the 70S plastid ribosomes as pellets from appropriately-pooled fractions (see Fig. 1A ) by centrifugation at 330,000g max for 12 h at 4°C (e.g., at 60,000 rpm in a Beckman Coulter Ti70.1 fixed-angle rotor) (see Note 11).
6. Repurify the ribosomes by using a second sucrose gradient, if highly pure 70S ribosomes are needed (i.e., repeat steps 1-5 above) (see Note 12). 4. Recover the 30S and 50S subunits as pellets from appropriately-pooled fractions (see Fig. 1B ) by centrifugation at 330,000g max for 14 h at 4°C (e.g., at 60,000 rpm in a Beckman Coulter Ti70.1 fixed angle rotor) (see Note 13).
Subunit Preparation
Purity Criteria and Yield Estimation
Fine proteomic analysis will require highly pure ribosomes. The following section describes easy and rapid methods for purity checking and yield estimation of plastid ribosomes.
1. Measure absorbance at 260 nm and 280 nm of appropriately-diluted solutions of ribosomal particles using spectrophotometer. ratio (>1.9). SDS-PAGE analysis of sucrose gradient fractions (see Section 3.6) can be utilized to examine the extent of RuBisCO contamination (50-kDa and 15-kDa bands correspond to the large and small subunits of RuBisCO, respectively).
3. Yield estimation. The yields of plastid ribosomes and their subunits can be estimated spectrophotometrically using the table of amount conversion (see Table   1 ). 
Preparation of Plastid Ribosomal Proteins for Proteomics
The following procedure is a slightly modified method of acetic acid extraction method described by Hardy et al. (37) . Total proteins of plastid ribosomal particles prepared using this procedure can be used for various separation techniques in proteomics: e.g.,
SDS-PAGE (17, 18), HPLC, liquid chromatography-mass spectrometry (LC-MS),
MALDI mass spectrometry, and 2D-PAGE (14, 15).
Dilute ribosomes or subunits with Buffer A and adjust the concentration to 20-100
A 260 units/mL.
2. Transfer to a glass test tube with a stirring bar and chill the ribosome solution in an ice-filled bucket. Place the bucket on a magnetic stirrer, and start stirring.
3. Slowly add 2 volumes of 50 mM magnesium acetate in glacial acetic acid. Cloudy insoluble rRNA will appear immediately.
4. Stir on ice for at least 1 h.
5. Transfer the cloudy suspension to 1.5-mL centrifuge tubes. Remove the insoluble rRNA by centrifugation at 15,000g max for 10 min at 4°C (e.g., at 14,800 rpm in a Hitachi Himac RT15A3 rotor). Retain the supernatant.
6. For SDS-PAGE, HPLC, and MALDI mass spectrometry, take the supernatant (from step 5) and dialyze it against, in order: (i) 100 volumes of 30% acetic acid for 4 h;
(ii) 100 volumes of 10% acetic acid for 4 h; and, (iii) 200 volumes of 5% acetic acid for 16 h; all dialysis steps should be conducted in a cold room (4°C). Make aliquots of the desalted ribosomal proteins, then lyophilize or dry using a SpeedVac. Store the protein samples at -20°C or -80°C. An example SDS-PAGE gel resolving total proteins from 30S, 50S, 70S and 80S particles from Chlamydomonas is shown in 
Rapid Preparation of Plastid Ribosome-Rich Fraction
This procedure employs ammonium sulfate precipitation to concentrate total ribosomes, which allows efficient purification of intact 70S ribosomes from E. coli (43).
put the beaker in an ice bucket. Place the bucket on a magnetic stirrer, and start stirring.
4. Add 24 g of solid ammonium sulfate per 50 mL of supernatant under stirring on ice.
5. Stir for 5-10 min (until solid ammonium sulfate is completely dissolved).
6. Transfer the cloudy solution to two 50-mL conical tubes, then centrifuge at 15,000g max for 10 min at 4°C (e.g., at 10,600 rpm in a Kubota AG-508CA rotor).
7. Discard the supernatant and add 5 mL of Buffer A to each tube.
8. Suspend the pellet by pipetting up and down (most of the pellet will be dissolved).
9. Transfer the suspension to two ultracentrifuge bottles (e.g., Hitachi 8.4-mL 10PC bottle B), and centrifuge at 40,000g max for 30 min at 4°C (e.g., at 20,800 rpm in a Hitachi P70AT2 fixed-angle rotor).
10. Layer 3-5 mL of the supernatant (the S-40 fraction) over 2 mL of Buffer C, and centrifuge at 230,000g max for 16 h at 4°C (e.g., at 50,000 rpm in a Hitachi P70AT2
fixed-angle rotor).
Discard the supernatant and dissolve the ribosomal pellet in a minimal volume of
Buffer A.
12. Clarify by centrifugation at 15,000g max for 10 min at 4°C to remove insoluble material, and measure absorbance at 260 nm. The concentration of the total ribosomes should be 200-1,000 A 260 units/mL.
Prepare one or more 10 mL 10-34% (w/v) linear sucrose gradients made up in
Buffer A (e.g., in a Hitachi 10.9-mL 13PA tube) as described in Section 3.2.1.
14. Load 0.1-0.2 mL of total ribosome preparation (equivalent to 10-20 A 260 units; the concentration should be adjusted with Buffer A if necessary) onto each sucrose gradient. Centrifuge at 111,000g max for 5 h at 4°C (e.g., at 25,000 rpm in a Hitachi P40ST rotor).
15. Fractionate the gradients into 12 microfuge tubes (0.8 mL/tube) from the top surface of the gradient using the density gradient fractionator by pumping at a flow rate of 0.8 mL/min through a UV-monitor and fraction collector (as described in Section 3.2.2, steps 3-4). Monitor the absorbance at 254 nm using a UV-monitor.
SDS-PAGE of Plastid Ribosomal Proteins from Sucrose Gradient-Separated Ribosome Fractions
This procedure is a rapid and reproducible method using a precast gel system (Bio-Rad)
to separate plastid ribosomal proteins immediately after fractionation on a sucrose gradient. This method is also useful to evaluate the purity of sucrose gradient-separated ribosome fractions (see Fig. 3 ). However, attention should be paid for data interpretation in the case of proteomic analysis, since some plastid ribosomal proteins may not be appeared on gels depending on the source of ribosomal particles. For example, some plastid ribosomal proteins of Chlamydomonas (e.g., S2, S3, and S5) are hardly extracted by the following procedure (i.e., SDS-treatment alone) whereas most of other proteins are extracted. In such case, acetic acid extraction method (see Section 3.4.) should be employed. 6. Sandwich the gel between clear plastic sheets (e.g., clean OHP sheets) to protect the gel from physical damage and to avoid contamination (e.g., by keratin), and then place it in a plastic zip-seal bag, and store at 4-10°C until use (e.g., the following section).
Identification of Plastid Ribosomal Proteins by MALDI Mass Spectrometry
Here described is an example procedure for conducting MALDI mass spectrometry analysis of Arabidopsis plastid ribosomal proteins using MALDI-QIT-TOF MS (see Figs. 3, 4) . Microwave-assisted protein enzymatic digestion (44, 45) allows rapid and accurate identification of the plastid ribosomal proteins (see Table 2 ).
1. Place the CBB-stained gel on a clean OHP sheet.
2. Excise the protein band of interest using a sterile cutting blade (e.g., half of a band;
see M dithiothreitol (make aliquots in 0.5-mL centrifuge tubes for one-time usage and store at -20°C or -80°C). These stock solutions are also used to make other buffers (i.e., Buffer C, sucrose gradients, etc.). All the buffers should be prepared just before ribosome preparation, diluting the stock solutions with RNase-free water.
Addition of polyamines (final concentrations, 0.05 mM spermine and 2 mM spermidine) to ribosome preparation buffers is helpful to prolong intactness of rRNAs (unpublished observation) and conformational stability (47, 48), though I
have not tested addition of polyamines for the ribosome preparation toward proteomics.
5. Dithiothreitol (final concentration, 5 mM) in Buffer A can be use in place of 2-mercaptoethanol (final concentration, 7-14 mM). I prefer to use Buffer B for midto large-scale preparations (>200 g leaves) instead Buffer A.
6. Alternatively, dry powder of Sephadex (e.g., Sephadex G-50, GE Healthcare, Chalfont St. Giles, UK) can be used as a solvent-absorbent powder.
7. This fixed-angle rotor is convenient, accepting 8 × 50-mL conical tubes.
8. I prefer to use a utility knife (e.g., Art Knife AK-1/5B, Olfa, Japan) rather than a generally employed scalpel or razor blade. It works nicely for precise gel excision and splitting gels into small pieces, as well as picking up and transferring gel pieces to microfuge tubes. The knife blade must be cleaned by wiping with a 70%
ethanol-sprayed KimWipe tissue (Kimberly-Clark, TX, USA).
9. Liquid nitrogen-frozen leaves can be stored at -80°C until ribosome preparation.
10. Liquid nitrogen-frozen cells can be stored at -80°C until ribosome preparation.
11. 70S ribosomes can be stored at -80°C, after dissolving the ribosomal pellets in a small volume of Buffer A containing 10% (v/v) glycerol.
12. Multistep sucrose gradient ultracentrifugation is a very effective method for obtaining highly-pure chloroplast ribosomes (18).
13. Subunits can be stored at -80°C, after dissolving the ribosomal pellets in a small volume of Buffer A containing 10% (v/v) glycerol.
14. Half of a band is enough for tryptic peptide preparation. The residual half can be used for other peptide preparations (e.g., other enzymatic digestions with Lys-C, Arg-C, Asp-N, etc., or chemical cleavage) if required.
15. The beaker with water is to absorb excess microwave energy. Table 2) bands in fraction 5 indicate that fraction 5 is rich in plastid 70S ribosomes with a slight contamination of RuBisCO and 80S ribosomes. This was also supported by distinct MALDI MS spectra (see Fig. 4 ) of tryptic fragments from gel sections 5a (30-kDa band of fraction 5) and 6b (30-kDa band of fraction 6). Table 2 . e Calculated from the following equation: (total protein of the ribosomal particle) = (particle weight) -(RNA weight, i.e., 40 µg). TP70, TP50, and TP30 stand for total proteins present in 70S, 50S, and 30S ribosomal particles, respectively. µg.
e Calculated from the following equation: (total protein of the ribosomal particle) = (particle weight) -(RNA weight, i.e., 40 µg). TP70, TP50, and TP30 stand for total proteins present in 70S, 50S, and 30S ribosomal particles, respectively. Table 2 Identification of Arabidopsis ribosomal proteins from the gel sections 5a, 5b, 6a and 6b in Fig. 3 .
